We examined the topographic organization of corticospinal neurons in the four premotor areas on the medial wall of the hemisphere of macaques. These motor areas include the supplementary motor area (SMA) and three areas buried within the cingulate sulcus: the caudal cingulate motor area on the dorsal bank (CMAd), the caudal cingulate motor area on the ventral bank (CMAv), and the rostra1 cingulate motor area (CMAr). In one set of animals, we injected one fluorescent tracer into lower cervical segments of the spinal cord and another fluorescent tracer into lower lumbosacral segments to define the topographic organization of arm and leg representation within each premotor area. Similarly, in another set of animals, we injected different tracers into upper cervical and lower cervical segments to provide an indication of the topographic organization of proximal and distal arm representation within the arm representation of each premotor area. We found that all four of the premotor areas on the medial wall project to cervical and lumbosacral segments of the spinal cord. Three of these areas (SMA, CMAd, and CMAv) are like the primary motor cortex in having distinct arm and leg representations.
The arm representation in each of the four motor areas on the medial wall contains separate regions that project densely to upper or to lower cervical segments. This observation suggests that each motor area contains distinct proximal and distal representations of the arm. Surprisingly, the size of the distal representation is comparable to or larger than the size of the proximal representation in each motor area. Thus, contrary to some previous hypotheses, the anatomical substrate exists for the premotor areas on the medial wall to be involved in the control of distal, as well as proximal arm movements.
Our results provide a new map for guiding the exploration of the motor functions of the medial wall of the hemisphere.
Furthermore, the observations of the present study support our suggestion that each of the premotor areas may be an important source of descending commands for the generation and control of movement.
This is the second article in a series of reports about the topographic organization of the corticospinal system in macaques (He et al., 1993) . In this article, we describe the topographic organization of corticospinal neurons in the four premotor areas on the medial wall of the hemisphere (Dum and Strick, 1991 b) . These premotor areas are the supplementary motor area (SMA) on the superior frontal gyrus and three motor areas which are buried in the cingulate sulcus: the caudal cingulate motor area on the dorsal bank (CMAd), the caudal cingulate motor area on the ventral bank (CMAv), and the rostra1 cingulate motor area (CMAr).
Using electrical stimulation of the cortical surface, Penfield and Welch (1951) and Woolsey et al. (1952) demonstrated the existence of a motor area on the medial wall of the hemisphere which was termed the supplementary motor area (SMA). Both groups agreed that the SMA occupied the medial part of the superior frontal gyrus and the dorsal bank of the cingulate sulcus. However, they disagreed on the spatial arrangement of body parts within the SMA. Penfield and Welch (195 I) claimed that the leg representation in the SMA was ventral to the arm representation, whereas Woolsey et al. (1952) believed that the leg representation was located caudal to the arm representation. Thus, from its very discovery, there has been considerable controversy about the somatotopic organization of the SMA. It is now clear that the region termed the SMA in earlier studies contains more than a single motor area (Dum and Strick, 199 I b; Luppino et al., 1991; Matelli et al., 1991; Matsuzaka et al., 1992) . Furthermore, considerable evidence suggests that additional motor areas lie buried in the cingulate sulcus (Muakkassa and Strick, 1979; Godschalk et al., 1984; Strick, 1985; Hutchins et al., 1988; Dum and Strick, 1989 , 1991a ,b, 1993 Holsapple and Strick, 1989, 1991; Luppino et al., 1991; Matelli et al., 1991; Shima et al., 1991; Morecraft and Van Hoesen, 1992, 1993; Lu et al., 1994) . However, the number of motor areas on the medial wall, as well as the extent and topographic organization of each area, remains the subject of controversy (e.g., Dum and Strick, 1991b; Luppino et al., 1991; Morecraft and Van Hoesen, 1992) .
In the present study, we examined questions about the number, experiments.
In one, we compared the distribution of labeled neurons after tracer injections into lower cervical and lower lumbosacral segments of the same animal. In the other set, tracer injections were made into upper and lower cervical segments. Our observations suggest that each premotor area on the medial wall has a large, distinct arm representation.
Except for the CMAr, each premotor area also has a clearly separate leg representation. The arm representation in each premotor area is subdivided into regions where either proximal or distal musculature is most heavily represented. In fact, the size of the distal representation in each area is comparable to or larger than the size of its proximal representation. These results indicate that the corticospinal projections from the premotor areas on the medial wall have a high degree of topographic organization.
Furthermore, they suggest that these premotor areas are as concerned with the control of distal movements as is the primary motor cortex.
Brief reports of some of the data presented in this article have appeared previously (He et al., 1989 (He et al., , 1990 ).
Materials and Methods
The present study is based on observations from seven pig-tailed macaques (Mucaca nemestrina, 4-6 kg). These animals were also included in a study of corticospinal projections from the motor areas on the lateral surface of the hemisphere (He et al., 1993) . A detailed description of the surgical and histological procedures we used to study these animals was presented in that publication and will only be briefly presented here. The use of the animals in this study followed the principles approved by the U.S. Public Health Service Policy on Humane Care and Use of Laboratory Animals (PHS Policy), and the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Guide).
Surgical procedures
We examined the topographic organization of corticospinal neurons on the medial wall of the hemisphere by injecting two fluorescent tracers, fast blue (FB; 5% in distilled water) and diamidino yellow (DY; 2% in distilled water), into the gray matter of the spinal cord at different seg- Figure 2 . Motor areas on the medial wall of the hemisphere. A, Classic map of body representation on the medial wall in macaque (adapted from Woolsey et al., 1952) . B, Location of the premotor areas on the medial wall of the hemisphere. This and the following maps include the extension of the SMA onto the dorsolateral surface of the hemisphere. The letters rmcl rrur&ers in rlze purerztheses below each motor area indicate the other designations that have been applied to these regions. The SMA has been included within area FB (von Bonin and Bailey, I947), area 6a (u (Vogt and Vogt, 19 19) , and area F.? (Matelli et al., 1985 (Matelli et al., , 1991 . The pre-SMA (Matsuzaka et al., 1992) appears to correspond to area 6up (Vogt and Vogt, 1919) and to area F6 (Matelli et al., 1991) . The CMAd lies in area 6c and appears to include the region termed area FAL by von Bonin and Bailey (1947) and corresponds to the dorsal bank portion of the region termed area 24d by Matelli et al. (1991) . The CMAv lies within a subfield of area 23, which has been termed area 23~ (Vogt et al., 1987; Dum and Strick, 1991 b, their Figs. 2, 3; see also Hutchins et al., 1988; Morecraft and van Hoesen, 1993) . Only Matelli et al. (199 I) have designated the most anterior part of the CMAv as area 24~1. The CMAr lies within a subfield of area 24 which has been termed area 24~ (Vogt et al., 1987; Hutchins et al., 1988; Dum and Strick, 199 1 b Mesulam, 1982) . The remaining sections were immediately mounted onto gelatin-coated slides, air dried, and stored uncoverslipped in the dark at 4°C (Huisman et al., 1983) .
Analytical procedures
We examined sections of spinal cord and cortex using fluorescent illumination (Leitz filter D, 355-425 nm excitation wavelength). Injection sites, section outlines and labeled neurons were plotted using a computer-based charting system (MD2, Minnesota Datametrics). This system uses optical encoders to measure x-y movements of the microscope stage and stores the coordinates of charted structures. At least every tenth section of spinal cord was examined to determine the spread of tracer. As in other studies (Huisman et al., 1983; Kuypers and Huisman, 1984; CondC, 1987) , three concentric zones of fluorescent labeling could be defined in the spinal cord at the site of FB and DY injections (e.g., He et al., 1993, their Figs. I, 2) . Zone 1 was defined as the central region surrounding the needle track that contained an almost solid mass of fluorescent material. Zone 11 was defined as the adjacent region that contained large numbers of intensely fluorescent neurons and glia amid a bright background of fluorescence. Zone II gradually changed into zone III which contained some background tissue fluorescence and weakly fluorescent neurons and glia. Prior studies have found that the effective area of uptake and transport of FB and DY is confined to zones I and II (e.g., Bentivoglio et al., 1980; Kuypers and Huisman, 1984; CondC, 1987) . Therefore, only these two zones were included within our "injection sites" (see Fig. 3 in He et al., 1993) . We charted the location of each labeled neuron found on at least every fourth section through the frontal lobe. Three different types of maps were generated from these charts to display the topographic distribution of corticospinal neurons on the medial wall. Flartened ~~UIX, The plots of individual sections were aligned on the junction of the medial wall of the hemisphere with the lateral surface and this point of alignment (midline) was kept fixed. Then, the medial wall of the hemisphere was divided into four segments: the medial aspect of the superior frontal gyrus (SGm), the dorsal bank of the cingulate sulcus (CgSd), the ventral bank of the cingulate sulcus (CgSv), and the cingulate gyrus (CgG). Layer V from these segments was unfolded and reflected upward from the midline (Fig. 2) 
Dejinition of cortical areaS
The location and cytoarchitectonic designations of the four premotor areas on the medial wall are illustrated in Figure 2B . We identified the border between the SMA and the primary motor cortex based on the change in density of large layer V neurons (see He et al., 1993, for details) . This border was located approximately 9-10 mm caudal to the level of the genu of the arcuate sulcus. Rostra1 to the SMA lies a portion of area 6 which has been termed the Pre-SMA (Matsuzaka et al., 1992) . This cortical area does not have substantial projections to the primary motor cortex or to the spinal cord (Dum and Strick, 199 I b) . The borders of the remaining cingulate motor areas were defined by previously established criteria (Dum and Strick, 1991b; for review, see Dum and Strick, 1993) .
Results
Location and extent of injection sites We will present results from four representative animals in which fluorescent tracers were injected into the gray matter at different segmental levels of the spinal cord. In animals Hl and H2, one fluorescent tracer was injected into lower cervical segments (C7-Tl) and another tracer was injected into lower lumbosacral segments (L6-Sl) of the same animal (Fig. IA) . In animals H3 and H7, one fluorescent tracer was injected into upper cervical segments (C2-C4) and a second one was injected into lower cervical segments (Fig. 1B) .
The location and extent of injection sites in these animals were described and displayed in a prior paper (He et al., 1993, their Figs. l-3, (100) 49 (100) 3058 (100) 2597 (100) 1375 (100) spread of tracer into the dorsolateral funiculus where most of the corticospinal axons descend. All four animals had tracer injections into lower cervical segments. Injection sites at this location were most extensive in animals H2 and H3 and involved almost all of the gray matter from the caudal half of C7 through the Tl segment. In the other two animals (HI and H7), the dorsal horn and intermediate zone of the lower cervical segments were well filled, but their ventral horns were only intermittently involved. The extent of the injection sites within the lower lumbosacral segments was nearly complete in Hl and included most of the gray matter of L6, L7, and rostra1 S 1. In H2, tracer filled the gray matter of the lower lumbosacral segments except for the lateral parts of caudal L7 and rostra1 S 1. Tracer injections into upper cervical segments almost completely filled the gray matter in H3. In H7, tracer largely filled the gray matter in C2 and C3, but was primarily located in the lateral parts of C4. In summary, each injection site in every animal contained multiple regions where tracer completely filled the gray matter. This fact, along with the consistent topographic patterns we observed (see below and He et al., 1993) , supports the adequacy of our injection sites.
Corticospinal neurom on the medial wall of the hemisphere
The results from animals with tracer injections into lower cervical and lower lumbosacral segments (Hl, H2) define the topographic organization of arm and leg representation within each premotor area. On the other hand, the results from animals with tracer injections into upper cervical and lower cervical segments (H3, H7) may indicate the topographic organization of proximal and distal musculature within each of the arm representations (for discussion, see He et al., 1993) . Therefore, we will present the results from the two types of experiments in separate sections. In each section, we will describe the topographic organization of corticospinal neurons found in individual premotor areas. These descriptions will not include the corticospinal neurons found in regions of the medial wall that lie caudal to the central sulcus (Fig. 3 ). This region of cortex contains several somatosensory areas (e.g., Woolsey, 1958; Murray and Coulter, 1981 b) and will be described in a future report. Few, "double labeled" neurons were found in the premotor areas after tracer injections into lower cervical and lower lumbosacral segments (only 0.2% of the total sample of labeled neurons in Hl and H2) (Table 1) . Likewise, few, "double labeled" neurons were found in the premotor areas after tracer injections into upper cervical and lower cervical segments (only 3-6% of the total sample in H3 and H7) ( Table 2) . Consequently, "double labeled" neurons are not displayed on our maps.
We observed some variability in the absolute numbers of neurons that were labeled by tracer injections into lower cervical segments (Hl, 9215; H2, 12, 255; H3, 6264; H7, 7731) . Similarly, the percentage of neurons that were labeled following tracer injections upper and lower cervical segments also differed ( Table 2 ). The completeness of the injection sites probably contributed to this variability (He et al., 1993, their Fig. 3 ). However, it is important to note, that the number of axons in the medullary pyramids of macaques was reported to vary by a factor of two (Russell and DeMeyer, 1961) .
Corticospinal projections to lower cervical and lower lumbosacral segments Approximately 48% of the corticospinal neurons in the frontal lobe that projected to lower cervical or lower lumbosacral segments were located outside the primary motor cortex and in the premotor areas (Figs. 2B, 3-6; Table 1 ) (Dum and Strick, 1991b) . The majority of these corticospinal neurons (-70%) were located in the premotor areas on the medial wall of the hemisphere. The largest percentage in the premotor areas on the medial wall was found in the SMA (-14% of the total number 
(100)
( 3 100 Neuron counts are based on the data from every fourth section and are not corrected. DL, double-labeled neurons. Neuron counts for individual injection sites do not include double-labeled neurons.
of corticospinal neurons in the frontal lobe). Nearly as many corticospinal neurons (-11%) were found in the CMAd, whereas smaller percentages of corticospinal neurons were located in the CMAv (6%) and CMAr (2.4%). In general, the numbers of corticospinal neurons in the motor areas on the medial wall that projected to lower cervical segments was similar to the number projecting to lower lumbosacral segments. The only exception was the CMAr where a greater proportion of corticospinal neurons projected to lower cervical segments.
Arm und leg representation in the premotor areas on the medial wull SMA. Large numbers of labeled neurons were found in the SMA following tracer injections into lower cervical and lower lumbosacral segments of the spinal cord (Figs. 3-6, Table 1 ). Corticospinal neurons that projected to lower cervical segments were located in a region of the SMA that began just rostra1 to the level of the arcuate genu. This region of labeled corticospinal neurons continued caudally along the superior frontal gyrus for 7-8 mm. Some corticospinal neurons were found in SMA regions that extend ventrally onto the dorsal bank of the cingulate sulcus and dorsally onto the lateral surface of the hemisphere (compare Fig.   2B with Figs. 3-6 ). Corticospinal neurons that innervated lower cervical segments were generally located in regions that correspond to the arm area of the SMA as defined by anatomical or physiological criteria (e.g., Penfield and Welch, 195 I ; Woolsey et al., 1952; Brinkman and Porter, 1979; Muakkassa and Strick, 1979; Macpherson et al., 1982; Hummelsheim et al., 1986; Mitz and Wise, 1987; Hutchins et al., 1988; Dum and Strick, 199 1 a,b; Luppino et al., 1991; Matsuzaka et al., 1992) .
Corticospinal neurons that projected to lower lumbosacral segments were located in a region of the SMA that began immediately caudal to the arm representation of the SMA and continued caudally up to the leg representation of the primary motor cortex (Figs. 3-6 ). In fact, there was no obvious change in the density of corticospinal neurons at the border between the SMA and primary motor cortex (Figs. 5, 6) even though the density of large neurons in layer V changed at this border. The observation that the density of corticospinal neurons in the SMA was comparable to that in the primary motor cortex further emphasizes the importance of SMA projections to the spinal cord (Dum and Strick, 1991b) .
Only 8-l 0% of the bins containing corticospinal neurons after tracer injections into lower cervical and lower lumbosacral segments were overlap bins (Table 3) . These bins were primarily located within the region of the SMA that projected to lower lumbosacral segments (Fig. 7) . Despite the presence of these bins, neurons projecting to lower cervical segments originated from regions of the SMA that were largely separate from those projecting to lower lumbosacral segments (Figs. 3-7) . These observations provide additional evidence that the SMA contains distinct arm and leg representations and that the arm representation is located rostra1 to the leg representation (Figs. 7, 8 ).
CMAd. The CMAd lies ventral to the SMA and is located on the dorsal bank of the cingulate sulcus (Fig. 2B ). This cortical area has a cytoarchitecture which is distinct from the SMA and lies in a subfield of area 6 (area 6c) (Dum and Strick, 199 I b) . Substantial numbers of corticospinal neurons were found in the CMAd after tracer injections into either lower cervical or lower lumbosacral segments of the spinal cord. In fact, the number of corticospinal neurons found in the CMAd was comparable to that found in the SMA (Table 1) .
The regions of the CMAd that projected to lower cervical segments were quite separate from those that projected to lower lumbosacral segments (Figs. 3-7) . Indeed, only 9-10% of the bins in the CMAd were overlap bins (Table 3) . FB labeled cells (C7-Tl) 0 DY labeled cells (L6-Sl) 2.5 mm result has been apparent in every animal in which a localized injection of tracer filled the lower cervical segments (n = 7) (Hutchins et al., 1988; Dum and Strick, 1989, 199lb) . Corticospinal projections to lower lumbosacral segments also originated from two spatially separate regions within the CMAd (Figs. 3; 4, sections 248, 399; 5-7). Each group of neurons projecting to lumbosacral segments was located just rostra1 to a group projecting to cervical segments. Thus, these observations indicate that the CMAd contains two somatotopically organized groups of corticospinal neurons-a large group in the rostra1 two-thirds of the CMAd and a smaller group in its caudal third (Figs. 7, 8) . Furthermore, the pattern of arm and leg representation in the body maps in the CMAd is reversed relative to that in the SMA.
It is noteworthy that the large leg representation at the rostra1 end of the CMAd was located just ventral to the arm representation in the SMA (Figs. 7, 8 ). This arrangement may explain the controversy about the pattern of body representation within the SMA in which one group placed the leg representation ventral to the SMA arm representation (Penfield and Welch, 1951) , rather than caudal to it (Woolsey et al., 1952) . The presence of a dense projection to lower lumbosacral segments within the rostra1 portion of the CMAd makes it easy to understand why 
Every bin containing at least one neuron was counted. Bin counts for individual injection sites do not include overlap bins. Overlap bins contain at least one neuron projecting to lower cervical and at least one neuron projecting to lower lumbosacral segments.
Penfield and Welch (1951) apparently associated the leg representation of the CMAd with the arm representation in the SMA. CMAv. The CMAv is located largely on the ventral bank of the cingulate sulcus, and lies in a subfield of area 23 (area 23~) ( Fig. 2B ; Dum and Strick, 1991 b) . This cortical field is ventral to the CMAd. Five to six percent of the corticospinal neurons labeled after tracer injections into lower cervical or lower lumbosacral segments were located in the CMAv (Table 1) .
The regions of the CMAv that projected to lower cervical segments were almost entirely separate from those that projected to lower lumbosacral segments (Figs. 3-7) . Only 14% of the bins in the CMAv were overlap bins (Table 3 ). In fact, the regions of the CMAv that projected to the two segmental levels were separated by a region which was devoid of labeled neurons. Corticospinal neurons that projected to lower cervical segments were situated in the ventral bank of the cingulate sulcus beginning at levels 2-3 mm caudal to the arcuate genu and extending further caudally for 3-4 mm (Figs. 3-6 ). Corticospinal neurons that projected to lower lumbosacral segments were located more caudally. They began on the ventral bank of the cingulate sulcus and extended onto the dorsal bank of the sulcus in the caudal part of the CMAv. Thus, the CMAv contains distinct arm and leg representations with the arm representation rostra1 to the leg (Figs. 7, 8 ). As noted above, additional clusters of labeled neurons that projected to cervical or lumbosacral segments lay just caudal to the central sulcus and the main group of corticospinal neurons in the CMAv. These neurons were located in regions of the medial wall related to somatosensory function and, will not be described further in this report.
CMAr. The CMAr is located in the banks of the cingulate sulcus within a subfield of area 24 (24~) ( Fig. 2B ; Hutchins et al., 1988; Dum and Strick, 1991 b) . This cortical field is found both rostra1 and caudal to the genu of the arcuate sulcus. The CMAr contained 2-3% of the neurons labeled after tracer injections into lower cervical or lower lumbosacral segments (Table 1) .
Although tracer injections into both cervical and lumbosacral segments labeled neurons in the CMAr, many more neurons were labeled after the tracer injections into lower cervical segments (Table 1; see also Table 2 ). The ratio of CMAr neurons that projected to lower cervical versus lumbosacral segments was 4:l (Table 1) . In contrast, when all the cortical areas in the frontal lobe were considered together, this ratio was 1:l. In this respect, the CMAr is unique among the medial wall motor areas in having a corticospinal projection that is more focused upon cervical segments.
In Hl, neurons projecting to lumbosacral segments tended to be concentrated more rostra1 and more ventral than those that projected to lower cervical segments (Figs. 3, top; 5) . This arrangement was not as apparent for H2, although the peak density of lumbosacral projections from the CMAr in H2 was located rostrally on the ventral bank of the cingulate sulcus (Figs. 3, bottom; 6) . Compared with other medial wall motor areas, the CMAr had more overlap bins (S-14%, Table 3 ). Because of this and the fact that few neurons in the CMAr projected to lumbosacral segments, it is difficult to determine whether the CMAr is somatotopically organized (Figs. 7, 8 ).
Proximal and distal arm representation in the premotor areas on the medial wall After tracer injections into cervical segments of the spinal cord, the percentage of corticospinal neurons in the premotor areas on the medial wall (32-45%) was comparable to that in the arm area of the primary motor cortex (3043%) ( Table 2) . When all of the premotor areas were considered, the majority (57-70%) of the neurons projecting to cervical segments were located in the arm representations of the premotor areas. These findings confirm our prior observations that the total number of cortcospinal neurons in the arm representations of the premotor areas equaled or exceeded the total number of corticospinal neu- ArS Ge Figure 7 . Overlap map of corticospinal neurons projecting to lower cervical and lower lumbar segme into bins 200 pm wide (see Materials and Methods for details). Blue bins contain only neurons that project to cervical segments; yellow bins contain only neurons that project to lumbosacral segments; reel bins contain two or more neurons projecting to cervical segments and two or more neurons projecting to lumbosacral segments ("overlap" bins). Note that few overlap bins are present in any of the cortical motor areas. See Figure  2 for conventions and abbreviations rons in the arm representation of the primary motor cortex (Dum and Strick, 1991b) .
Within the "arm" representation of each premotor area on the medial wall of the hemisphere, the regions that contained corticospinal neurons projecting to upper cervical segments overlapped considerably with those projecting to lower cervical segments (Figs. 9-11 ). For example, in H3, we found that between 17 and 19% of the bins in each premotor area on the medial wall contained neurons projecting to upper cervical segments and neurons projecting to lower cervical segments (Table 4) . Although this amount of intermingling may seem large, it is considerably less than what we observed in the arm area of the primary motor cortex (28%) ( Table 4 ; He et al., 1993) .
Despite the presence of intermingling, we found that the regions that projected most densely to lower cervical segments were largely separate from those that projected most densely to upper cervical segments in each of the premotor areas (Figs. 12,  13 ). We examined this issue by generating "overlap" maps which displayed only 'high density' bins (Fig. 13) . In these maps, bins with a high density of neurons projecting to lower cervical segments were colored blue, those with a high density of neurons projecting to upper cervical segments were yellow and those with a high density of both types of neurons were red (see Materials and Methods for further details). Less than 4% of the bins in these maps were red (i.e., "high density" overlap bins) (Fig. 14) .
The spatial separation within each premotor area of regions which projected to different cervical levels was clearly evident in the "overlap" maps (Fig. 13) . We have previously presented evidence that this type of data indicates the topographic organization of proximal and distal representation within each arm area (He et al., 1993) . Therefore, the following section will describe the differential location of regions with dense projections to upper or lower cervical segments.
SMA. Corticospinal neurons that projected to lower cervical segments were found approximately 2-9 mm caudal to the genu of the arcuate sulcus (Figs. 9, top; 10, 12, bottom). Rostrally within this region, corticospinal neurons were found throughout the full width of the medial part of the superior frontal gyrus, whereas caudally neurons were most concentrated at the juncture of the superior frontal gyrus with the dorsal bank of the cingulate sulcus. In general, the part of the SMA that most densely innervates lower cervical segments corresponds to a caudal and ventral region within the arm representation (Fig. 13) . This is particularly clear in H2 and H3 (Figs. 6, 12, 13) .
A small number of high density bins with neurons projecting to lower cervical segments was found in the part of the SMA that extends onto the lateral surface of the hemisphere (e.g., see Hl, Fig. 5 , top; H2, Fig. 6 , top). These neurons were located at or caudal to the level of the genu of the arcuate sulcus. This small cluster of labeled neurons appears to be separate from the main focus of SMA projections to lower cervical segments (Fig.  15) . Most neurons that projected to upper cervical segments were found approximately O-5 mm caudal to the genu of the arcuate sulcus (Figs. 9, bottom; 10, 12, top). The majority of the high density bins that contained neurons projecting to upper cervical segments were located on the medial wall of the hemisphere, but some of them extended onto the adjacent lateral surface. We found negligible overlap (4%) of the high density bins projecting to upper cervical segments with those projecting to lower cervical segments (Figs. 13, 14) . However, the high density bins projecting to the two cervical levels were interdigitated in the center of the SMA arm representation.
This suggests that the pattern of arm representation in this portion of the SMA may be complex. On the other hand, the region of the SMA that most densely innervated upper cervical segments tended to be rostra1 and somewhat dorsal to the region that most densely innervated lower cervical segments (Figs. 13, 15) . Thus, separate regions within the SMA provide dense projections to each cervical level. This observation implies that the SMA contains distinct proximal and distal regions within its arm representation (Fig. 15) . When the results from H3 and H7 were averaged, the number of high density bins with neurons projecting to lower cervical segments was nearly equal to the number with neurons projecting to upper cervical segments (Fig. 14) . This observation suggests that the amount of the SMA allotted to the representation of the distal arm is comparable to that allotted to the representation of the proximal arm. In this respect, the arm area of the SMA is quite similar to the arm area of the primary motor cortex where comparable amounts of cortex were allotted to the representation of proximal and distal musculature (Fig. 14; He et al., 1993) .
CMAd. High density bins with neurons projecting to lower cervical segments formed two groups within the arm representation of the CMAd (Figs. 12, 13 ; see also Figs. 5, 6 ). The largest group was located on the dorsal bank of the cingulate sulcus at levels 5-10 mm caudal to the genu of the arcuate sulcus. The second, smaller group was located more caudally, approximately 12-14 mm from the genu of the arcuate sulcus. High density bins with neurons projecting to upper cervical segments were only present rostrally within the arm representation of the CMAd. Within this region of the CMAd, the corticospinal projections to different cervical levels were topographically organized. High density bins projecting to lower cervical segments were found throughout the dorsal bank of the cingulate sulcus, whereas those projecting to upper cervical segments were most concentrated near the juncture of the dorsal bank with the medial wall (Figs. 12, 13) . Although some high density bins projecting to lower cervical segments were found among those projecting to upper cervical segments, the number of overlap bins was negligible (2%). Consequently, the CMAd appears to be as topographically organized as the SMA (Fig.  15) .
In the CMAd, the number of high density bins with neurons projecting to lower cervical segments was approximately four times greater than the number projecting to upper cervical segments (Fig. 14) . This result and the absence of high density bins with neurons projecting to upper cervical segments in the caudal part of the CMAd suggest that the representation of the distal arm is emphasized in the CMAd (Figs. 13, 15) . In this respect, the arm representation of the CMAd is quite different from the arm representations of both the SMA and primary motor cortex.
CMAv. High density bins with neurons projecting to lower cervical segments were found on the ventral bank of the cingulate sulcus, 5-9 mm caudal to the genu of the arcuate sulcus (Figs. 12, 13; see also Figs. 5, 6 ). Many of these bins were located in the depths of the cingulate sulcus. Caudally, these bins extended from the depth of the sulcus to the juncture of the ventral bank with the cingulate gyrus. High density bins with neurons projecting to upper cervical segments tended to be located more rostrally and were found 4-7 mm caudal to the genu of the arcuate sulcus. Very few overlap bins were found in the arm representation of the CMAv (1%). When the results from H3 and H7 were averaged, the number of high density bins in the CMAv with neurons projecting to lower cervical segments was approximately 2 times the number projecting to upper cervical segments (Fig. 14) . Thus, the arm representations of the CMAv and CMAd are similar in that both are topographically organized and both have large representations of distal musculature (Fig. 15) .
CMAr. Within the arm representation of the CMAr, both banks of the cingulate sulcus contained high density bins with neurons projecting to either upper or lower cervical segments (Figs. 12, 13) . In general, the majority of the high density bins were located on the ventral bank. The high density bins on the dorsal bank tended to be rostra1 to the level of the arcuate genu, whereas those on the ventral bank could extend for l-3 mm on either side of the genu. In some instances, a gap or low density region separated the high density bins on the ventral bank from those on the dorsal bank (e.g., HI, Fig. 5, top; H2, Fig. 6, top) , but this was not always the case (e.g., H3, Fig. 12 ). Although the location and number of high density bins innervating different segmental levels varied somewhat among animals, high density bins with neurons projecting to upper cervical segments tended to be split into two groups (Figs. 12, 13) . On the dorsal bank of the sulcus, these bins were located rostra1 to those projecting to lower cervical segments. Conversely, on the ventral bank, the high density bins projecting to upper cervical segments were usually caudal to those projecting to lower cervical segments. Although the number of overlap bins in the CMAr was small (4%), the high density bins projecting to different cervical segments exhibited some intermingling on the ventral bank (Fig. 13) . Thus, the map of arm representation in the CMAr is quite complex (Fig. 15) . Even so, the number of high density bins in the CMAr with neurons projecting to lower cervical segments was approximately three times the number projecting to upper cervical segments (Fig. 14) . This result suggests that a substantial representation of the distal musculature exists in the arm area of the CMAr.
Discussion
There are three major findings of the present study. First, we found that all four of the premotor areas on the medial wall of the hemisphere project to cervical and lumbosacral segments of the spinal cord. Three of these premotor areas (SMA, CMAd, and CMAv) are like the primary motor cortex in having distinct arm and leg representations ( Fig. 8; for comparison with the primary motor cortex, see He et al., 1993, their Fig. 17) . Second, we found that each premotor area projects to both upper and lower cervical segments. In fact, the two cervical levels receive their densest input from largely separate regions within each premotor area. This observation suggests that each premotor area contains distinct representations of both distal and proximal arm musculature (Fig. 15) . Third, we found that the size of the distal representation in each premotor area on the medial wall is comparable to or larger than the size of its proximal representation (Figs. 14, 15) . Thus, the anatomical substrate exists for the premotor areas on the medial wall to make substantial contributions to the control of distal, as well as, proximal arm movements.
Methodological considerations
Our conclusions about body representation in the premotor areas are based on tracer injections into different segmental levels. We have thoroughly discussed the limitations of this approach in a prior publication (He et al., 1993) and therefore, will only briefly review the logic behind our experimental strategy here. We have argued that the cortical regions containing a high density of neurons labeled after tracer injections into a given segmental level will, in most instances, be concerned with the body part most represented at that level. For example, the interneurons and motoneurons most heavily represented in lower cervical segments are those involved in the control of distal musculature, whereas the interneurons and motoneurons most heavily represented in upper cervical segments are those involved in the control of more proximal musculature (Kuypers, 1981; see also He et al., 1993) . As a consequence, it is likely that regions containing a high density of neurons labeled by tracer injections into lower cervical segments will be concerned with the control of distal forelimb movements. Similarly, the regions with a high density of neurons labeled by tracer injections into upper cervical segments will be concerned with the control of proximal forelimb movements. Despite the absence of a strict somatotopic organization at the segmental level, this approach is capable of defining the macro-organization of body representation in each of the cortical motor areas.
Our discussion of body maps in the premotor areas is limited to the representation of the arm and leg because our injection sites were placed in cervical and lumbosacral segments of spinal cord. Thus, our observations do not provide any evidence about the location of face representation in the premotor areas. On the other hand, the results of anatomical and physiological mapping suggest that the SMA and CMAr each contain a representation of the face along with representations of the arm and leg (Brinkman and Porter, 1979; Muakkassa and Strick, 1979; Godschalk et al., 1984; Strick, 1985; Mitz and Wise, 1987; Luppino et al., 1991; Matsuzaka et al., 1992; Morecraft and Van Hoesen, 1992) . The face representation in both of these cortical areas is located rostra1 to the representation of other body parts. In contrast, there is no evidence for a face representation in the CMAd and CMAv. Although this issue should be explored further, some of the premotor areas may lack a complete map of the body.
Revision of the map of arm representation in the SMA Our map of the SMA (Figs. 8, 15 ) represents a significant revision of that originally proposed by Woolsey and coworkers (1952). Woolsey's SMA included both the mesial aspect of the superior frontal gyrus and the dorsal bank of the cingulate sulcus. The results of recent studies indicate that this region contains at least four functional areas: the pre-SMA, the SMA, the CMAd, and the CMAr (pre-SMA: Rizzolatti et al., 1990; Luppino et al., 1991; Matsuzaka et al., 1992; CMAd and CMAr: Hutchins et al., 1988; Dum and Strick, 1991a,b; Shima et al., 1991) . The definition of the SMA is generally restricted to the part of area 6 on the mesial aspect of the superior frontal gyrus which has dense projections to the primary motor cortex and to the spinal cord (for references and review, see Dum and Strick, 1991b) .
The results of the present study suggest that the arrangement of body parts within the SMA differs substantially from that described by Woolsey et al. (1952) . The most striking differences are found in the arm area of the SMA. In Woolsey's map, the distal forelimb was represented dorsally in the SMA at levels ArS Gepu . SPCS . . Figure   13 . Overlap map of corticospinal neurons projecting to upper cervical and lower cervical segments. Only "high density" bins are displayed (i.e., the white, yellow, and red bins in Fig. 12 ). Blur bins contain only neurons that project to lower cervical segments; yellow hi~zs contain only neurons that project to upper cervical segments; red bilzs contain a high density of neurons projecting to lower cervical segments anal a high density of neurons projecting to upper cervical segments ("overlap" bins). Note that although there is some intermingling of blue and yellow bins, few red ("overlap") bins are found in any premotor area. See Figure 2 for conventions and abbreviations. largely rostra1 to the germ of the arcuate sulcus; the proximal forelimb was represented more caudally and ventrally ( Fig. 2A) . In contrast, we found that the entire representation of the arm is located largely caudal to the genu of the arcuate sulcus (Figs. 8, 15; see also Dum and Strick, 1991a,b) . Furthermore, our results indicate that the representation of the arm is oriented opposite to that in Woolsey's map. We found that the distal forelimb is mainly represented ventral and caudal to more proximal body parts (Figs. 13, 15) . We also found a small isolated representation of the distal forelimb in the most dorsal portion of the SMA which extends onto the lateral surface of the hemisphere. This is where the thumb is represented in Woolsey's map. Perhaps the orientation of the arm in Woolsey's map was strongly influenced by this small component of the distal forelimb representation.
Our view regarding the pattern of arm representation in the SMA is supported by the observations of Macpherson et al. (1982) who found that intracortical stimulation evoked movements of the distal forelimb at sites which were located ventrally within the SMA proper. Although other studies using intracortical stimulation have questioned whether proximal and distal arm movements are topographically represented within the SMA (e.g., Mitz and Wise, 1987; Luppino et al., 1991) , the illustrations from those studies confirm that movements of the distal forelimb were generally evoked from sites within the ventral half of the SMA (Mitz and Wise, 1987, their Fig. 7; Luppino et al., 1991, their Figs. 9, 10) . Conversely, proximal movements were evoked throughout the SMA, but clearly predominated in its dorsal half. The differential location of distal and proximal movements was particularly evident in case Mk-5r of Luppino et al. (1991, their Fig. IO) . Thus, the results of intracortical stimulation generally support our conclusion that the proximal and distal arm are most densely represented at different sites within the SMA.
Tokuno and Tanji (1993) did not find a "clearly segregated topography" in the arm region of the SMA or in the caudal cingulate motor areas. They injected two fluorescent tracers into different regions of the primary motor cortex-one tracer was injected into a region of proximal arm representation and another was injected into a region of distal arm representation. Direct comparisons between their study and ours are difficult because Tokuno and Tanji did not make an unfolded reconstruction of the medial wall and they did not define the regions of each premotor area that projected most densely to each injection site. Nevertheless, the differences between our conclusions and those of Tokuno and Tanji may be more apparent than real. Their basic finding was that projections from the premotor areas to the primary motor cortex were not as topographically organized as those from the parietal lobe. In contrast, our fundamental observation is that the corticospinal projections from the SMA, as well as those from the CMAd and CMAv, are as topographically organized as the corticospinal projections from the primary motor cortex. Therefore, the disparity in our respective conclusions may simply result from a different frame of reference.
Extent c$'proximul and distal forelimb representation in the SMA An enduring hypothesis about the function of the SMA is that it is involved in the control of body and limb posture. In particular, the output of the SMA has been thought to generate the base of proximal muscular support which is necessary for performing movements of distal limb segments (e.g., Travis, 1955; Denny-Brown, 1966; Wiesendanger et al., 1973; Humphrey, 1979; Wiesendanger, 1986; Tokuno and Tanji, 1993) . This view of SMA function has been sustained by the results of mapping studies which suggested that the SMA contains only a small representation of the distal limb (e.g., Macpherson et al., 1982; Luppino et al., 199 I) . Our observations suggest that the function of the SMA is not limited to the control of proximal limb movements. We found that the size of the SMA region which projects most densely to lower cervical segments is comparable to the region which projects most densely to upper cervical segments. This result suggests that the amount of the SMA devoted to the distal forelimb is nearly equal to that devoted to the more proximal body parts. In fact, the relative size of the distal forelimb representation in the SMA appears to be quite similar to that in the primary motor cortex (Fig. 14) . Thus, the anatomical substrate which would allow the SMA to be involved in the control of distal, as well as proximal limb movements, is present.
Similar arguments apply to proximal and distal representation in the cingulate motor areas. In particular, our results suggest that the size of the distal arm representation in the three cingulate motor areas is two to three times greater than that of their proximal representation (Fig. 14) . Based on this size disparity, we propose that the three cingulate motor areas are particularly involved in the control of distal movement.
Body maps in the caudal cingulate motor ureas
There is now general agreement that the cortex in a caudal portion of the cingulate sulcus is involved in skeletomotor function (e.g., Hutchins et al., 1988; Dum and Strick, 1991 a,b; Luppino et al., 1991; Shima et al., 1991; Morecraft and Van Hoesen, 1992) . However, the number of cortical areas contained in this region and the arrangement of body parts in these areas has been the subject of some controversy. For example, Morecraft and Van Hoesen (1992) , using anatomical methods, found that the caudal portion of the cingulate sulcus contained a single map of the body in which the arm representation was rostra1 to the leg representation.
Their map was located largely on the ventral bank of the cingulate sulcus in area 23~. In contrast, Luppino et al. (1991) , using intracortical stimulation, described a single body map in the caudal portion of the cingulate sulcus in which the leg representation was rostra1 to the arm representation. Their leg representation was located largely on the dorsal bank of the cingulate sulcus and their arm representation was located largely on the ventral bank of the sulcus.
The use of a double labeling strategy has helped us to resolve the controversy about maps in the cingulate sulcus. The results of the present study support our view that the caudal portion of this sulcus contains two motor areas, the CMAd in area 6c and the CMAv in area 23c (Dum and Strick, 1991 b, 1993 these motor areas has a separate arm and leg representation (Fig.  8) . In the CMAd, the leg representation is rostra1 to the arm representation.
In contrast, the arm representation is rostra1 to the leg representation in the CMAv. The present results also indicate that each of these motor areas has distinct regions that project to either upper or lower cervical segments. Thus, our evidence suggests that both motor areas contain separate representations of the distal and proximal arm ( Fig. 1.5) .
Prior studies support our view that the arm is represented on both banks of the cingulate sulcus. Other studies of the corticospinal system have shown that projections to cervical segments originate from both banks of the cingulate sulcus (Murray and Coulter, 198la; Hutchins et al., 1988; Dum and Strick, 199 1 a,b; Galea and Darian-Smith, 1994) . Both banks of the cingulate sulcus are interconnected with the arm area of the primary motor cortex (e.g., Muakkassa and Strick, 1979; Godschalk et al., 1984; Strick, 1985; Leichnetz, 1986; Dum and Strick, 199 I a,b; Holsapple and Strick, 1991; Morecraft and Van Hoesen, 1992) and with the arm area of the SMA (Luppino et al., 1993) . Furthermore, neurons related to active forelimb movements are found in caudal portions of both banks of the sulcus (Shima et al., 1991) .
Differences in connectivity support the separation of the cingulate sulcus into the CMAd and CMAv (Dum and Strick, 1993) . The CMAv is interconnected with regions of prefrontal cortex, whereas the CMAd is not (Bates and Goldman-Rakic, 1993; Morecraft and Van Hoesen, 1993; Lu et al., 1994) . The CMAd, but not the CMAv, projects to the portion of the hand representation in the primary motor cortex which is buried in the anterior bank of the central sulcus (Holsapple and Strick, 199 1). The two motor areas also differ in their connectivity with subdivisions of the ventrolateral thalamus (Holsapple and Strick, 1989) . The major source of thalamic input to the CMAd originates from the nucleus ventralis lateralis pars oralis, a target of pallidal efferents. In contrast, the major source of thalamic input to the CMAv originates from caudal regions of the nucleus ven- Figure 15 . Summary of "proximal" and "distal" arm representation in each premotor area on the medial wall of the hemisphere. This map is based on the distribution of high density bins containing corticospinal neurons labeled following tracer injections into upper cervical (animals H3 and H7) and lower cervical segments (animals HI, H2, H3, and H7). The mixed shading indicates where high density bins projecting to different cervical levels were intermingled. See text for further description and discussion. See Figure 2 for conventions and abbreviations.
tralis lateralis pars caudalis, a target of cerebellar efferents. Based on these anatomical observations, we believe future studies will show that the CMAd and CMAv differ in their contributions to the generation and control of movement.
Why do some of the prior maps (Luppino et al., 1991 (Luppino et al., , 1993 Morecraft and Van Hoesen, 1992) differ so strikingly from each other and from our maps'? One explanation is that Morecraft and Van Hoesen considered almost all of the dorsal bank of the cingulate sulcus as part of the SMA (see Morecraft and Van Hoesen, 1992, their Fig. 3 ). Thus, they did not recognize the existence of the CMAd in area 6c on the dorsal bank. Similarly, Luppino et al. (1991 Luppino et al. ( , 1993 did not find an arm area on the dorsal bank. However, the procedures they used to explore the cingulate sulcus may have led to some distortions in their maps. For example, most of the penetrations by Luppino et al. (1991) were no more than 3 mm from the midline of the hemisphere. As a consequence, they did not explore a substantial portion of the cortex in the cingulate sulcus which extends 5-7 mm from the midline. Our data shows that a large portion of the corticospinal projection to lower cervical segments originates from this region of the sulcus (Fig. 1.5 ). In addition, Luppino et al. did not extensively explore the caudal portion of the ventral bank where our study and that of Morecraft and Van Hoesen (1992, 1993) place the hindlimb representation of the CMAv. Finally, Luppino et al. (1991) reconstructed their maps by projecting the responses evoked by intracortical stimulation onto the cortical surface. This method of reconstruction tends to underrepresent cortex in the fundus of a sulcus and overrepresent cortex near the entry into the sulcus. Thus, we believe that physiological studies which thoroughly explore both banks of the cingulate sulcus and use a topological method of reconstruction will confirm our proposal that each bank of the sulcus contains an arm and a leg representation.
Body map in the rostra1 cingulate motor area? The CMAr is like the other premotor areas in projecting to both cervical and lumbosacral segments of the spinal cord. However, we found that the portion of the CMAr that projects to lumbosacral segments is much smaller than the portion that innervates cervical segments. In addition, many of the corticospinal neurons in the CMAr that project to lumbosacral segments are intermingled with those that project to cervical segments. These observations suggest that although the CMAr has a representation of the arm and leg, the leg representation may be small and not entirely separate from the arm representation (Fig. 8) . Surprisingly, we found that a large percentage of the corticospinal neurons in the arm representation of the CMAr project to lower cervical segments. This result suggests that the CMAr, like the other motor areas on the medial wall, participates in some way in the generation and control of distal limb movements. This conclusion is supported by the results of Shima et al. (1991) who recorded neurons related to distal forelimb movements in a rostra1 portion of the cingulate sulcus that included the CMAr. It is important to note that the CMAr is unlike the other cingulate areas in having multiple groups of corticospinal neurons that project to a given cervical level. Thus, the map of arm representation
in the CMAr appears to be quite complex.
Functional implications
As noted above, the medial wall of the hemisphere was thought to contain a single motor area, the SMA. As a consequence, studies of medial wall anatomy and physiology often attributed their results to this cortical area without regard to its precise location. The demonstration that the medial wall contains multiple motor areas requires that the connectivity and functions ascribed to the SMA be reevaluated. Some studies in macaques have reported that anatomical and physiological differences exist between rostra1 and caudal SMA (e.g., Brinkman and Porter, 1979; Tanji and Kurata, 1979; Wiesendanger and Wiesendanger, 1985a,b; Barbas and Pandya, 1987; Alexander and Crutcher, 1990; Bates and Goldman-Rakic, 1993) . It is unclear whether these differences reflect variations within the SMA proper or the characteristics of the pre-SMA and SMA. Similarly, in human studies, functional activations or lesions of the medial wall have usually been broadly assigned to the SMA, or if they are located quite rostrally, to the anterior cingulate cortex. However, the human medial wall is as anatomically diverse as that of macaques (e.g., Braak, 1976 Braak, , 1979 Braak, , 1980 , and therefore, it is likely to contain multiple motor areas in addition to the SMA (e.g., Colebatch et al., 1991; Deiber et al., 1991; Grafton et al., 1992 Grafton et al., , 1993 Paus et al., 1993; Rao et al., 1993) . Little information is available on the location, extent and motor maps within these areas in humans. Such information will be critical to further progress in understanding medial wall function.
The SMA, CMAr, CMAd, and CMAv are members of a set of premotor areas in the frontal lobe, all of which project directly to the primary motor cortex (Dum and Strick, 1991b) . In the past, the premotor areas have been viewed as hierarchically superior to the primary motor cortex, in part, because they were thought to be more remote from the spinal cord circuits which generate motor output. According to this view, the premotor areas were concerned with the goal of movement, rather than the control of specific movement parameters. This conceptual framework included the notion that the premotor areas lacked well-defined maps of the body. The absence of such maps would endow these cortical areas with the ability to conceive of movement in terms of the ultimate goal of a task, without regard to the specific patterns of muscle activity necessary to perform the task (Orgogozo and Larsen, 1979; Roland et al., 1980; Eccles, 1982; Goldberg, 1985) .
It is now clear that the premotor areas, including those on the medial wall, have more in common with the primary motor cortex than previously suspected. Like the primary motor cortex, each of the premotor areas projects directly to the spinal cord (Dum and Strick, 199 1 a,b) . In addition, the results of the present study and the preceding report (He et al., 1993; see also Luppino et al., 1991) indicate that maps of the body exist in most of the premotor areas. Furthermore, the relative amount of cortex in some of the premotor areas allotted to the representation of the distal forelimb is comparable to and, in some instances greater than, that in the primary motor cortex. While these features do not preclude a role for the premotor areas in generating higher order aspects of motor behavior, they are appropriate for motor areas involved in generating commands that control specific movement parameters.
